The goal of circulatory monitoring is the use of an accurate, continuous and noninvasive method that can easily assess tissue perfusion under clinical conditions. As peripheral tissues are sensitive to alterations in perfusion, the noninvasive monitoring of peripheral circulation could be used as an early marker of systemic haemodynamic derangement. We, therefore, aim to discuss the currently available methods that can be used at the bedside as well as the role of peripheral perfusion monitoring in critically ill patients.
INTRODUCTION
The conventional classification for the causes of haemodynamic instability discriminates between a lack of circulating volume, insufficient pump function, obstruction of blood flow and loss of blood flow regulation [1] . Although corresponding treatment modalities have been established, selecting the correct method can be very difficult when a proper diagnosis cannot be made. Especially in patients with severe sepsis, a combination of hypovolaemia, reduced ventricular function, and pronounced vasodilation can lead to inadequate tissue perfusion. Because each of these determinants can cause hypotension, monitoring of cardiac function and volume status is essential for selecting the proper therapy. However, regional tissue hypoperfusion may persist, despite the normalization of systemic haemodynamics.
During circulatory shock, blood flow is diverted from less important tissues to vital organs (heart, brain, and kidneys) to maintain vital organ perfusion at the cost of peripheral circulation, resulting in poor outcome in various pathophysiologic conditions. Sympathetic activity, which is induced by the baroreceptor reflex as a response to systemic hypotension, leads to increased vasomotor tone. As sympathetic neuroactivity predominates in the skin and muscle, the sympathetic neurohumoural response-induced vasoconstriction manifests primarily as decreased peripheral perfusion [2] . Therefore, the rationale of peripheral perfusion monitoring is based on the concept that peripheral tissues are the first to reflect hypoperfusion during shock, and the last to reperfuse during resuscitation [3] .
It is well known that inadequate systemic circulation in both hypodynamic and hyperdynamic shock states can be accompanied by impaired peripheral circulation [4] . These abnormalities can be determined noninvasively using simple clinical assessments [5] , skin temperature measurements [5] , and optical monitoring devices [6, 7] . These 'peripheral' techniques each involve the use of 'abnormal' values, which are generally associated with worse outcome in critically ill patients, do not need an intravascular catheter, and can be used directly at the bedside without entry into the body through orifices or skin or mucosal tissue punctures (Table 1 ). In the following section, we will discuss the currently available and commonly used techniques for assessing peripheral circulation in clinical conditions.
CLINICAL ASSESSMENT OF PERIPHERAL PERFUSION
The cutaneous vascular bed plays an important role in the thermoregulation of the body, and this process can result in skin perfusion alterations that have direct effects on skin temperature and colour, that is, a cold, clammy, white, and mottled skin.
Capillary refill time
Capillary refill time (CRT) is defined as the time required for a distal capillary bed (i.e., the nailbed) to regain its colour after pressure has been applied to cause blanching. This concept was first introduced by Champion et al. [8] in 1981 as a component of the international trauma severity score for the rapid and structured cardiopulmonary assessment of critically ill patients. Because CRT assessment is an easily applicable method in many circumstances, it is most useful for assessing peripheral perfusion and predicting unfavourable outcomes in both critically ill adult and paediatric patients. For instance, in paediatric patients, Bohnhorst et al. [9] showed that among several clinical signs present at the very first instance of suspected infection, a prolonged CRT demonstrated the most sensitive correlation with proven infection. In a recent review of clinical features that are used to confirm or exclude the
KEY POINTS
The various noninvasive peripheral perfusion methods are easily reproducible and easy to evaluate at the bedside.
Peripheral tissue hypoperfusion is related to the severity of organ dysfunction and outcome, independently of systemic haemodynamics.
The effects of common resuscitation methods (i.e., fluid resuscitation and vasopressors) on peripheral circulation require additional investigation. possibility of serious infection in paediatric patients presented to ambulatory care, a prolonged CRT was shown to be one of the strongest indications of serious infection [10] . In these patients, there may be alterations in the balance of vasoconstrictor and vasodilator substances and in the cross-talk between endothelial cells, which could result in impaired microvascular tissue blood flow regulation that is related to significant dehydration, serious infection, and severe organ dysfunction [11 & ]. In a healthy adult population, Schriger and Baraff [12] reported that the upper limit of a normal CRT is 4.5 s. After applying this cutoff in critically ill patients, we demonstrated that a delayed return of normal colour (>4.5 s) can be regarded as decreased peripheral perfusion. Moreover, we found that following initial haemodynamic optimization during the first 24 h of ICU admission, the CRT could be used to discriminate patients with more severe organ dysfunction. In addition, a prolonged CRT (>4.5 s) was related to tissue hypoperfusion and a greater likelihood of worsening organ failure in the following days, compared with patients with a normal CRT [5,13 && ]. Although interobserver variability remains a matter of debate, an upper normality limit of more than 4.5 s appears to be highly reproducible for critically ill patients admitted to the ICU [14] .
Skin temperature
Skin temperature is best estimated using the dorsal surface of the hands or fingers of the medical examiner, as these areas are most sensitive to temperature perception. Patients are considered to have cool extremities if all examined extremities are considered cool by the examiner or if only the lower extremities are cool despite warm upper extremities in the absence of peripheral vascular occlusive disease [15] . It has been demonstrated that subjectively determined variations in skin temperature correspond to objective measures of peripheral skin perfusion [13 && ,16] . Similarly, fingertip temperature estimations correlated well with objective assessments of fingertip blood flow [17] . Accordingly, patients with a subjectively determined 'abnormal' peripheral perfusion following initial haemodynamic resuscitation have been associated with higher lactate levels and more severe organ dysfunction [5] .
Mottling
Mottling of the skin is easily recognized and is often encountered in critically ill patients. It is defined as a bluish skin discoloration that typically manifests near the elbows or knees and has a distinct patchy pattern. Mottling is the result of heterogenic small vessel vasoconstriction and is thought to reflect abnormal skin perfusion. To analyse mottling objectively, Ait-Oufella et al. [18 & ] recently developed a clinical scoring system (from 0 to 5) based on the area of mottling from the knees to the periphery (Fig. 1 ). This group reported that a higher mottling score within 6 h after initial resuscitation was a strong predictive factor of 14-day mortality during septic shock, and this was independent of systemic haemodynamics. This scoring system is very easy to learn, has good interobserver agreement, and can be used at the bedside.
From these studies, it is clear that the clinical assessment ( Fig. 1) of peripheral perfusion is a valuable adjunct for the haemodynamic monitoring of critically ill patients and should be incorporated into future multimodal monitoring strategies to adequately monitor optimal circulatory shock resuscitation.
BODY TEMPERATURE GRADIENT
Although skin temperature has been shown to be an easily accessible parameter for circulatory shock severity [19] , later research demonstrated that body temperature gradients can better reflect changes in cutaneous blood flow than the absolute skin temperature itself in critically ill patients [20, 21] . Body temperature gradients are determined by the temperature difference between two measurement points, such as peripheral-to-ambient, central-totoe, and forearm-to-fingertip (Tskin-diff). Increased vasoconstriction during circulatory shock leads to decreased skin temperature and a diminished ability of the core to regulate its temperature before hypothermia occurs. Consequently, core temperature is maintained at the cost of the periphery to maintain vital organ perfusion, resulting in an increased central-to-peripheral temperature difference, when vasoconstriction decreases fingertip blood flow. This concept permits the establishment of centralto-toe temperature difference as an indicator of peripheral perfusion in critically ill patients, and a normal temperature gradient of 3-78C occurs once the patient's haemodynamics have been optimized [22] . Because the effect of the operating room environment on skin and body temperature changes during surgery, especially with the use of cardiopulmonary bypass, Tskin-diff may be a more reliable measurement for critically ill patients [23] . The use of Tskin-diff is based on assumption that the reference temperature is a skin site exposed to the same ambient temperature as the fingertip. A different ambient temperature, therefore, affects similarly forearm and fingertip temperature, producing little change in the gradient (Fig. 1 ). Experimental studies have suggested Tskin-diff thresholds of 08C for initiating vasoconstriction and 48C for severe vasoconstriction [23, 24] . In critically ill adult patients, Tskin-diff measurements conducted simultaneously with clinical observation have helped to address the reliability of subjective peripheral perfusion assessment, and are able to indicate abnormal peripheral perfusion in the postresuscitation period [5] .
OPTICAL MONITORING
Optical methods apply light with different wavelengths directly to the tissue to assess various tissue states. There are several research techniques (described elsewhere; [25] ) that apply optical methods to visualize the microcirculation, assess oxygen availability, measure p CO2 , and assess microvascular function in different tissues. Commonly used optical methods in the clinical setting that are able to monitor peripheral perfusion at the bedside include finger photoplethysmography and near-infrared spectroscopy (NIRS). Although these techniques are particularly promising, as objective numerical information can be obtained within a couple of minutes, the interpretations should be considered in combination with the clinical examination and additional peripheral perfusion measurements [13 && ].
Peripheral perfusion index
The peripheral perfusion index (PPI) is derived from the photoelectric plethysmographic signal of the pulse oximeter. Pulse oximetry, a standard of care in the ICU, allows for the measurement of arterial haemoglobin oxygen saturation and pulse rate monitoring. This noninvasive tool uses two wavelengths of light (red and infrared) that are transmitted through the distal phalanx of the index finger, resulting in the display of a pulsatile photoplethysmographic waveform. Analogous to an arterial pulse contour analysis, several variables can be derived from the plethysmographic waveform, such as the PPI (Fig. 1) . The PPI is the ratio of the pulsatile part to the nonpulsatile part of the curve, expressed as a percentage. Because the size of the pulsatile portion increases with vasodilation and decreases with vasoconstriction, changes in the PPI reflect changes in peripheral vasomotor tone. This was first demonstrated in a model of axillary plexus-induced vasodilatation, and the analgesic effect of this nerve block could be predicted within minutes using the increase in PPI as a measure of concomitant peripheral vasodilatation in patients undergoing hand surgery [26] . Similarly, the PPI was shown to be rapidly reduced following sympathetic response-induced vasoconstriction after the introduction of a nociceptive skin stimulus [27] or an intravenous injection of epinephrine [28] or norepinephrine [29] . Furthermore, in a lower body negative pressure model, the PPI also rapidly decreased following sympathetic activation in healthy volunteers who underwent stepwise decreases in venous return [30] .
In a large population of healthy volunteers, the median PPI value was 1.4% [7] . In critically ill patients, the same value was found to represent a very sensitive cutoff point for determining abnormal peripheral perfusion, as defined by a prolonged CRT and an increased skin temperature difference [5,7,31 && ]. Therefore, this easily obtainable and noninvasive method can be used for monitoring peripheral perfusion in critically ill patients.
Near-infrared spectroscopy
NIRS is a noninvasive technique that enables the determination of tissue oxygenation based on the spectrophotometric quantitation of oxyhaemoglobin and deoxyhaemoglobin within a tissue. Although this technique can be applied to any tissue, it is primarily used to monitor peripheral oxygenation of muscle tissue in critically ill patients. The variables that are analysed using NIRS can either be directly calculated or derived from physiological interventions, such as an arterial and venous vascular occlusion test (VOT). As a result, information regarding muscle oxygen saturation (S t O 2 ) and the absolute tissue haemoglobin index, an indicator of blood volume in the microvasculature tissue region, can be obtained [2] . In addition, changes in S t O 2 levels during a VOT have been used to represent microvascular reactivity [6, [32] [33] [34] . The utility of NIRS for managing critically ill patients remains a matter of debate. Increasing publications using NIRS have described profound alterations in microvascular function in patients suffering from different pathophysiological conditions, such as sepsis and traumatic shock [32] [33] [34] [35] . In a study by Shapiro et al. [36 && ], the dynamic NIRS variables collected during a VOT were strongly associated with the severity of organ dysfunction and mortality in patients with septic shock. In this study, the S t O 2 recovery slope was most sensitive for the prediction of mortality. This is of special interest because there is a lack of agreement on standardization for the appropriate method for performing a VOT [37,38 & ] . When measured at the thenar eminence, NIRS-derived measurements are influenced by the peripheral circulation condition (Fig. 1) [13 && ]. Nevertheless, when used in conjunction with other peripheral perfusion methods, repeated S t O 2 monitoring has the potential to assess the effect of therapeutic intervention on the peripheral microvascular circulation in various shock states. Similarly, Colin et al.
[39 && ] investigated the dynamic response of S t O 2 at different sites during the first 6 h of severe sepsis resuscitation, and argued that S t O 2 values measured at the masseter muscle may better relate to patient outcome and may be a more powerful indicator for monitoring the effect of resuscitation, compared with measurements taken at the thenar eminence.
Although NIRS can potentially be very useful for tissue oxygenation and perfusion assessments, additional studies are still being conducted to clarify its role in the clinical management of ICU patients.
POTENTIAL THERAPEUTIC INTERVENTIONS TO RESUSCITATE PERIPHERAL PERFUSION
Although the relationship between systemic and peripheral circulation is not always well defined, the assessment of peripheral perfusion during peripheral cooling-induced vasoconstriction in healthy volunteers has shown that profound changes in the peripheral circulation can occur independently of systemic haemodynamic parameters, such as blood pressure and cardiac output [31 && ]. Similar observations have been made during therapeutic hypothermia following cardiac arrest [40] . In patients with severe sepsis, this discrepancy between systemic and peripheral circulation can become even larger; regional vasoconstriction appears to be independent of systemic blood flow in these patients [41] . Considering that peripheral vasoconstriction during septic shock is an effect of increased sympathetic activity, the origin of the latter is unclear; it is likely that baroreceptor reflex activity, systemic inflammatory response, and the loss of parasympathetic activity each may play a role [42, 43] .
Although the mechanism involved in sepsis resuscitation is not yet fully understood, it is clear that the persistence of impaired peripheral perfusion is associated with worse patient outcomes [5, 6] . It can be hypothesized that interventions specifically aimed at the peripheral vascular bed could resuscitate these alterations. For instance, based on the central-to-toe temperature, Boerma et al. [44 && ] showed that the administration of nitroglycerine to septic patients following early resuscitation significantly improved peripheral perfusion, independently of systemic haemodynamics. Although there was a trend to increasing mortality, this was accompanied by reduced morbidity in the nitroglycerine-treated patient group compared with the placebo group; as a result, vasodilatory agents may be promising treatment modalities.
Although fluid resuscitation is the firstline therapy for sepsis-induced hypoperfusion, few studies have evaluated its effect on peripheral perfusion. Futier et al. [45 & ] recently showed that the administration of a fluid challenge had positive effects on peripheral tissue oxygenation in patients undergoing major abdominal surgery.
Whether these interventions are capable of resuscitating different peripheral perfusion parameters is, however, still unknown. Current studies to determine the effects of these interventions on peripheral circulation in critically ill patients are ongoing.
CONCLUSION
The rationale for monitoring peripheral perfusion is based on the concept that the peripheral circulation is the first to reflect a disturbance of the circulation that may lead to shock. Monitoring peripheral circulation not only provides a different point of reference for patient circulation but it also does not require invasive techniques and can be used directly at the bedside. Moreover, it is a simple approach that can be rapidly applied throughout the hospital, including the emergency department, operating room, wards, and ICU.
